An integrative approach to the combined challenges of aging, cancer and stress is a necessary part of a global vision of wellness. Recent research into the mechanisms of aging, cancer and stress has established the biological links between these processes. Understanding these links is an important stepping-stone for developing approaches and therapies that ensure wellness throughout all stages of aging. This paper will consider the most recent developments in research into the molecular mechanisms common to aging and cancer and will discuss the effectiveness of natural approaches for preventing disease. Metabolic regulators as well as nutrient and energy sensors are involved in the processes of aging and cancer, and these are open to external manipulation and control. It is now becoming possible to demonstrate how nutrition, physical activity and stress control can lead to disease-free aging.
A ging is often associated with neurological and physical deterioration and the development of diseases, including Parkinson's, Alzheimer's, diabetes, cardiovascular diseases, and cancer. Cancer is one of the diseases that drastically diminish quality of life and life expectancy. Extensive research into the molecular mechanisms of both aging and cancer has demonstrated the interrelatedness of their biological pathways.
The most important of these pathways are the ones activated by DNA damage, depletion of stem cells, oxidative stress, and psychological stress. These pathways initiate multiple cascades of molecular signals that crossreact with each other, thereby activating the regulators of aging and cancer. Of these, the most interesting are the regulators of metabolism that respond directly to nutrient and energy cues. It is now becoming possible to infer from this evidence that external factors have a direct role in regulating aging and cancer. These include diet, physical activity, and stress control.
This article will assess recent evidence linking the mechanisms of aging and cancer as well as surveying research on the effectiveness of natural approaches affecting these mechanisms.
Box 1. Converging Mechanisms of Aging and Cancer
• Oxidative stress. During oxidative stress, free radicals such as reactive oxygen and nitrogen species damage biological molecules. The capacity of organisms to neutralize reactive species diminishes with age, thus resulting in oxidative damage to the genome, proteins, and cell membranes, ultimately contributing to aging, age-related diseases, and cancer. [1] [2] [3] [4] [5] [6] [7] • DNA damage and genome destabilization. Oxidative stress conditions cause accumulation of DNA mutations that in turn accelerates aging and leads to aging-related diseases and cancer. Damage to telomeres accompanies agingassociated conditions and is involved in initiation of cell senescence and apoptosis. 4, 17, [20] [21] [22] [23] [24] [25] [26] [27] [28] • Depletion of the stem cell pool and accumulation of senescent cells. This depletion is rooted in the accumulation of DNA mutations and genome destabilization, both of which are caused by various harmful agents among which are free radicals. 40, 42, 44, [47] [48] [49] [50] [51] • Psychological stress. It induces oxidative stress, telomere shortening, and immune deregulation, thus contributing to aging and cancerogenesis. 26, 52, 53, 62 The Role of Oxidative Stress in Aging and Cancer Oxidative stress, created by the excess of free radicals, is considered to be among the major factors contributing to both aging and cancer. Free radicals such as reactive oxygen species (ROS) are produced through normal cellular metabolism, and their formation is further enhanced by exposure to ionizing radiation, chemical substances, and metachondrial dysfunctions. 1, 2 In the organism, free radicals carry out crucial physiological functions, including smooth muscle relaxation, cytokine and growth factor induction, and killing of invading microorganisms. 1 The human body comprises an elaborate antioxidant defense system to protect cellular compounds from damage induced by free radicals, ROS, and other reactive species. This defense comprises enzymatic components (eg, superoxide dismutases, catalases) and nonenzymatic components (eg, glutathione, ascorbate, α-tocopherol). 1 In normal situations, the endogenous antioxidant network provides sufficient protection against ROS. In aging, systemic imbalance results in the generation of excess free radicals that overwhelm cellular antioxidant defenses, thereby causing oxidative stress. 3 Among the damage caused by ROS is direct oxidative damage to DNA leading to genome destabilization that contributes to aging and diseases. 4 Besides damaging DNA, ROS cause the oxidation of polyunsaturated fatty acids in cell membranes. The resulting lipid peroxidation leads to the generation of toxic compounds that can produce mutagenic lesions in DNA. 5 Other damage includes the functional inactivation of enzymes, increased cell permeability, damage to cell signaling pathways, necrotic cell death, and apoptosis. These processes are important contributing factors to the pathology of aging and cancer. 1, 6, 7 Among the major molecular partners of ROS is p53, a transcription factor that, depending on conditions and cellular context, is capable of bringing about cell cycle arrest, senescence, and apoptosis or cell survival. 8, 9 ROS can activate p53, but p53 can also use ROS as a mediator of its activity. 10 Under conditions of oxidative stress, p53 can not only initiate cell growth arrest and apoptosis but also induce expression of antioxidant proteins. 11 Depending on a multitude of contributing factors, these complex interactions between ROS and p53 can either suppress cancer and aging-related pathologies or initiate them. Among the factors that determine the activity of ROS and p53 are the major regulators of metabolic pathways, such as insulin, insulin-like growth factor (IGF-1), and mammalian target of rapamycin (mTOR). [12] [13] [14] These factors are involved not only in regulating glucose metabolism (insulin) and cell growth and division (IGF-1) but also in sensing nutrient and energy balance (mTOR). The involvement of ROS in the pathways controlled by insulin, IGF-1, and mTOR indicates that oxidative stress has the potential to cause significant metabolic alterations. At the same time, regulation of ROS and p53 activity by antioxidants provides an important possibility for the control of the major metabolic pathways and other processes linked to them.
The Role of DNA Damage in Aging and Cancer
The role of DNA damage in aging and aging-related diseases is well recognized. A striking effect of the deregulation of DNA damage repair is seen in premature aging disorders (progeria syndromes). 15 To cope with DNA damage, cells have evolved a number of pathways that recognize and repair different types of lesions. 16 However, some of the DNA damage evades repair and accumulates over time, contributing to cell senescence and loss of function. Depending on its nature and extent, DNA damage has the potential to drive cells to senescence, apoptosis, or malignant transformation, thus causing disease or creating an environment for it. 17 Among many types of DNA damage of particular relevance to aging is the damage to telomeres. Telomeres (sometimes called molecular clocks) consist of repetitive DNA elements at the end of chromosomes that protect the DNA ends from degradation and recombination, thus assisting in the maintenance of genome integrity. With every round of cell division, telomeres become progressively shorter. 18 Eventually, telomeres reach a critical length that activates the p53 that terminates cell division, resulting in telomere-initiated cell senescence or apoptosis. 19 In humans, many studies have described an inverse correlation between the age of different tissues and telomere length. 20 Telomere shortening was also found to be associated with a variety of aging-related conditions, most of which involve metabolic regulators. Among these are coronary artery diseases, 21 atherosclerosis, 22 hypertension and cardiovascular disease, 23 insulin resistance, 24 and Alzheimer's. 25 Additionally, the decrease in telomere length was observed during exposure to factors that may decrease longevity, such as psychological stress, 26 obesity, 27 and oxidative damage. 28 Monitoring telomere length could be one of the approaches for measuring the antiaging effect of natural therapies and compounds. One should bear in mind, however, that cancer cells "reverse" biological clocks and ensure their long lifespan by preventing telomere shortening. 29 DNA can be damaged by many agents: externally, by ionizing radiation and genotoxic substances, and internally, by replication errors, spontaneous chemical changes to the DNA, and the action of some free radicals produced from endogenous metabolic pathways. Recent studies demonstrate that the molecular regulators of DNA integrity are also involved in the processes of aging and cancer. 17 Among these regulators, p53 and sirtuins stand out as significantly affecting the processes of cancer and aging. P53 is found to be the most frequently mutated gene in human cancers, which suggests that its activity is required for protection against cancer. 30 Studies using animal-based models demonstrated that a moderate increase of p53 activity led to both longevity and greatly reduced cancer incidence. 31 The p53-mediated upregulation of antioxidants is believed to mediate this effect. 32 It is interesting that overactive p53, while still offering protection against cancer, has an opposite effect on aging: instead of slowing the rate of aging, it increases it. 30 The apoptosis and senescence-inducing function of p53 is thought to cause this effect. These findings suggest that both proaging and antiaging pathways are regulated by p53 activity. 33 Selective activation of these pathways depends on multiple intracellular signals generated in response to the homeostatic and metabolic stimuli. How p53 pathways cross over with those of metabolic regulators such as insulin, IGF-1, and mTOR provides one of the most important determinants of homeostasis.
Among other important regulators of aging and cancer are sirtuins. These are proteins that regulate genomic integrity, cell proliferation, survival, stress response, inflammation, mitochondrial function, and the removal of misfolded proteins. 34 The activity of sirtuins was shown to diminish with age. 35 At the same time, additional copies of sirtuin genes could extend the lifespan of multicellular organisms. 34 Together with IGF-1 and mTOR, sirtuins mediate the longevity effects of the dietary regime known as caloric restriction. 36, 37 Recent findings demonstrate that the activity of sirtuins is also implicated in cancer progression, affecting the activity of p53, 38, 39 as well as that of other regulators.
The special importance of these findings is not only that they demonstrate the importance of DNA damage in determining aging, cancer, and the development of agingassociated diseases. It is also that they open the possibility to control DNA integrity through the application of natural approaches that modulate the activity of metabolic regulators.
The Role of Stem Cell Aging in Aging and Cancer
One of the current hypotheses of aging concerns stem cells. It is suggested that stem cells that lose their capacity to divide, thus becoming senescent, contribute to aging and associated pathologies, including cancer. 40 Stem cells constitute a minor population within the many cells that compose organs and tissues. They possess a capacity to undergo self-renewal while at the same time having the ability to give rise to differentiated cell types. Stem cells play a central role in the production of new cells during tissue development and in the replacement of old cells during homeostasis, including repair and regeneration following disease or injury. 41 The number of tissue-specific stem cells reduces with advancing age, leading to impaired physiological functioning of tissues and organs. The regulatory mechanisms of stem cell depletion are being extensively researched. Some insights have been gained from a global gene expression study of mouse stem cells. 42 Using hematopoietic stem cells, it was demonstrated that in old mice genes associated with inflammation, protein aggregation, and the stress response were overexpressed, whereas genes involved in the preservation of genomic integrity and chromatin remodeling were downregulated. 42 These findings indicate that age-related changes in the expression of specific genes might result in deregulation of inflammatory and stress responses and, as a consequence of abnormal protein aggregation, increase the risk of diseases such as Alzheimer's and diabetes. At the same time, downregulation of genes involved in preserving genome integrity might result in cumulative DNA damage, one of the central mechanisms in cell aging and cancer development. 43 It has been suggested that progressive DNA damage is among the leading factors that induce the loss of stem cell function and the accumulation of senescent cells. [44] [45] [46] [47] Among other factors contributing to stem cell depletion are the metabolic regulators. For example, hyperactivation of the nutrient and energy sensor mTOR is suggested to be among the main causes of stem cell aging. 48 Other findings show that the aging-related decrease in the production of IGF-1 as well as aging-related increase in insulin resistance and elevation of glucose levels are all associated with damage to endothelial progenitors (blood stem cells), increasing the risks of cardiovascular diseases. [49] [50] [51] These studies are consistent with the view that natural approaches directed toward the support of stem cells would be an important prophylactic treatment against aging-related diseases and cancer.
The Role of Psychological Stress
Psychological stress is often perceived as a chronic state of imbalance in response to a stressor. It leads to the production of stress hormones (such as catecholamines and glucocorticoids) and the initiation of a sequence of biochemical reactions that serve to adapt the system to new conditions. Stress hormones can play a protective role when their release and action last for a short time. When, however, stress persists and becomes chronic, stress hormones can cause systemic damage to the brain and to the immune, metabolic, and cardiovascular systems. 52 It is commonly thought that chronic psychological stress leads to premature aging and the earlier onset of diseases associated with aging, including cancer. Research shows that one of the possible mechanisms of this effect is stress-induced telomere shortening and oxidative stress, the cell damaging effect that was discussed above. One of the studies demonstrated that women with the highest levels of perceived stress were shown to have shorter telomeres by the equivalent of at least 1 decade of additional aging compared to women with low stress. 26 Depression, meanwhile, was related to increased cancer risk in women due to oxidative DNA damage. 53 Sleep deprivation, which is the most common chronic stress condition, can produce systemic stress with significant consequences for health. These consequences include elevated levels of cortisol, insulin, and blood glucose; elevated blood pressure; reduced parasympathetic activity; and elevated levels of proinflammatory cytokines, as well as the gut hormone, ghrelin. Ghrelin, in turn, acting as an appetite stimulator, can cause hunger for comfort foods, leading to increased caloric intake, which in turn can lead to cognitive impairment and depression. 54, 55 Chronic stress was shown to have a damaging effect on the immune system. Stress-induced immune deregulation results in negative health effects, including a reduction in the immune response to vaccines, a slowing of wound healing, a reactivation of latent viruses (such as Epstein-Barr virus), and an increased risk of infectious diseases. It was demonstrated that chronic stress/ depression increases the peripheral production of proinflammatory cytokines, such as interleukin (IL)-6. High serum levels of IL-6 have been linked to risks for several conditions, including cardiovascular disease, type 2 diabetes, mental health complications, and some cancers. 56 Additionally, diseases of the skin, such as psoriasis, atopic dermatitis, urticaria, and infections, were shown to be considerably influenced by emotional factors and stress. 57 The effects of psychological stress are found to be mediated by the same metabolic regulators that are implicated in cancer and aging. This has been shown in numerous studies: psychological stress contributed to the development of insulin resistance and therefore type I diabetes, 58 reconsolidation phase of traumatic memory was shown to be associated with mTOR activity, 59 and IGF-1 pathways were found to be implicated in the development of stress vulnerability. 60 The link between psychological status and cancer was made almost 2000 years ago by Greek physicians who believed that cancer was caused by the excess of black bile (melancholy), noting that melancholy women were more susceptible to "swellings" of the breasts than were sanguine women. Recent research in this area confirms this link. It was demonstrated in a mouse model that chronic behavioral stress resulted in higher levels of tissue catecholamines, greater tumor burden, and a more invasive pattern of ovarian cancer growth. 61 In clinical and epidemiological studies, cancer progression and, to some extent, cancer onset have also been linked to chronic stress, as well as to depression, lack of social support, and other psychological factors. 61 A recent study demonstrated that stress was common in the life of people developing cancer. In this study, newly diagnosed cancer patients reported that in the years preceding the cancer diagnosis they experienced acute and chronic life stresses as well as loss events and previous chronic illness. 62 The data demonstrating the role for psychological stress in the development of pathologies of aging and cancer are of special interest and importance. They indicate that natural approaches including stress management have the potential to influence the molecular pathways of aging, aging-associated disorders, and cancer.
Natural Approaches to Overcoming Pathologies of Aging and Cancer
Understanding the links between molecular and environmental factors leading to the progression of aging, aging-related diseases, and cancer can help in developing natural approaches that could be used to slow the progression of aging and prevent aging-related diseases. Here, we overview research data supporting the validity of some of these approaches.
Antioxidants
As was mentioned above, during oxidative stress free radicals generated in the body can cause a great deal of damage. The defense system that aims to neutralize dangerous reactive species in a healthy body might benefit from external supplementation in the form of antioxidants.
The protective function of plant-derived antioxidants has been demonstrated in relation to several conditions. Flavonoids were shown to reduce the risk of coronary artery diseases, lung cancer, asthma, and other diseases of aging. 1, 63 Epigallocatechin (from green tea), curcumin (from turmeric), isothiocyanates (cruciferous vegetables), and bromelain (from pineapple) 64 were shown to have anticancer activity. [65] [66] [67] Vitamins were also demonstrated to inhibit cancer cell growth and to decrease risk of certain cancers. 68, 69 Resveratrol among other components of grape extract was shown to possess cardioprotective and vasoprotective properties, 70 as well as to have cancerprevention potential. 71 The studies provide promising data, suggesting the effectiveness of dietary antioxidants in aging and cancer control. However, considering the important role that free radicals play in cellular signaling, more clinical studies and laboratory-based research is necessary before natural antioxidants can enter into widespread clinical usage. 72, 73 It is also becomes apparent that other dietary and lifestyle adjustments are necessary for the achievement of healthy aging. These will be discussed below.
Caloric Restriction
At present, the only intervention known to extend longevity in different species is caloric restriction. Recently, caloric restriction has attracted much research, which has demonstrated the beneficial effects of this regime on aging and aging-related diseases. 37, 74 The effects of caloric restriction were shown to be mediated by multiple mechanisms (summarized in Box 2) . Interestingly, early studies demonstrated the effect of caloric restriction on cancer, observing that transplanted tumors grow either slowly or not at all in an underfed host. 75 Some explanation to this effect can be derived from the studies showing involvement of glucose metabolism regulators, nutrient and energy sensors, and regulators of genome stability (insulin/IGF-1, mTOR, sirtuins) in mediation of the effects of caloric restriction. [34] [35] [36] [37] Significantly reduced caloric intake was noted in the longest living population in the world, the Okinawans from Japan. 76 Okinawans were noted to have a delayed aging process. Coronary heart disease, stroke, and cancer occur in Okinawans with the lowest frequency in the world. The study of Okinawans, conducted by Suzuki et al, 76 noted several factors that could contribute to Okinawans' health, including lifelong low caloric intake, low body mass index, and high intake of plant foods, especially green-yellow vegetables and soy products. 76 Lifestyle, physical activity, and Buddhist meditation practice might be among other factors contributing to the Okinawans' secret of slow aging.
Stress Management and Physical Activity
Growing scientific evidence in recent years suggests that various methods of personal stress management significantly improve quality of life and survival and can delay the onset of aging and aging-related diseases. Among the methods of stress control worth noting are physical exercise and relaxation techniques such as yoga, Tai Chi, and meditation. Recent studies demonstrate the beneficial effects of these techniques (Box 3). Accumulated evidence demonstrates that nutrient intake and physical activity determine an organism's energy balance, which in turn affects the key metabolic regulators involved in the development or suppression of pathologies, including agingrelated diseases and cancer. 77 The lessons drawn from this research may have a significant positive impact in treatments offered by preventative and integrative medicine.
Conclusions
Recent research into the mechanisms of aging and cancer has established that they share common molecular pathways and regulatory mechanisms (Box 1). One of the most important aspects of this finding is the involvement of metabolic regulators, controlled by nutrient and energy balance, such as insulin, IGF-1, and mTOR. The molecular pathways controlled by these molecules have been shown to cross over and to involve mediators of oxidative stress (ROS) and regulators of genome stability (p53, sirtuin). Insulin, IGF-1, and mTOR pathways are sensitive to nutrient and energy balance; this suggests that external factors can have a direct impact on the pathways of aging and cancer. In other words, dietary factors, as well as physical activity and stress management, have the potential to shift the metabolic balance toward either the development or the prevention of aging-related pathologies and cancer.
Box 2. The Mechanisms Mediating the Effects of Caloric Restriction
• Reduction of metabolic rate and reduction of oxidative damage through decreased production of ROS. 78 • Enhancement of DNA repair mechanisms, which reduces the DNA damage and mutations that accumulate with age. 74 • Increase of sirtuin activity. 37 • Reversal of the age-induced changes in expression of genes associated with inflammation, cellular stress, fibrosis, apoptosis, xenobiotic metabolism (eg, drugs, toxins), cell division, and DNA replication. 79 • Membrane maintenance. Caloric restriction was found to enhance activities and content of antioxidant compound of cell membranes, Coenzyme Q, which usually declines with age. 37 • Vasoprotective effect through the reduction of cardiovascular risk factors (such as body mass index), improved endothelial function, and reduction of vascular inflammation and oxidative stress in vasculature. 37
Box 3. Effectiveness of Physical Activity and Stress Reliving Techniques
• Physical activity reduced breast cancer risk by 75%, heart and cardiovascular diseases by 49%, diabetes by 32%, and colorectal cancer by 22%. 80 • Increasing physical activity in elderly men significantly reduces the risk of dementia and Alzheimer's disease. 81 • Tai Chi and Qigong practice resulted in improved immune function in elderly adults, including antibody response to influenza vaccine. 82 • Tai Chi improved blood pressure and lipid profile. 83 • Tai Chi practiced alone, or in combination with other therapies, reduced the risk of falls and improved postural control. 84 • Tai Chi practice among breast cancer survivors significantly reduced psychological and physiological symptoms and significantly improved functional capacity. 85, 86 • Sudarshan Kriya Yoga breathing techniques were beneficial for management of stress, anxiety, posttraumatic stress disorder, depression, and stress-related medical illnesses. 87 • Rhythmic breathing (Sudarshan Kriya and Pranayam) boost the immune system by increasing the natural killer cell count in cancer patients. 88 • Meditation practice was effective in dealing with epilepsy, menopause, and premenstrual syndrome as well as in reducing stress and improving general well-being. Benefit was also demonstrated for mood and anxiety disorders, autoimmune illness, and emotional disturbance in cancer. 89 The data surveyed in this review allow one to draw a number of conclusions: (a) that existing therapies designed to produce antiaging effects are likely also to have a cancerpreventative effect; (b) vice versa, that existing cancer prophylactics are likely to defer the onset of aging and aging-related conditions; (c) that, at an early stage, research into novel therapies for aging-related diseases and cancer prevention should take into account common molecular pathways, in order both to identify molecular mechanisms involved and to identify possible crossover benefits; and (d) that antiaging therapies and cancer prophylactics ought to be based on a similar integrative approach that includes diet, physical activity, and stress management.
